UJ results Indicate that the trlbologlcal properties are highly dependent on the composition of the polylmlde and on the experimental conditions. Two of the polylmldes produced very low wear rates but very high friction coefficients (greater than 0.85) under ambient conditions. They offer considerable potential for high-traction applications such as brakes.
INTRODUCTION
The use of polymers for trlbologlcal applications 1s continually Increasing, with ever Increasing demands being placed on the performance of these polymers. Polymers are needed with Improved trlbologlcal properties from cryogenic to the highest possible temperature. One class of thermally stable organic polymers that has demonstrated Increased capabilities 1n this area 1s polylmlde.
Polylmldes are being used or considered for use 1n bearings, gears, seals, brakes, and prosthetic human joints. (1) (2) (3) (4) (5) (6) (7) (8) A part can be machined or molded from the polylmlde or a film of polylmlde can be applied to a metallic part.
In many Instances polylmlde by Itself will be sufficient to Improve the trlbologlcal properties of the component. However, solid lubricant additives can further Improve the trlbologlcal properties. For example, to Improve the load carrying capacity, polylmlde solid bodies can be reinforced with fibers. If graphite fibers are used. Improved lubricating performances can also be obtained, because of the good trlbologlcal properties of graphite fibers. (9, 16) Polylmlde does not refer to one particular polymer, however, but to a class of long-chained polymers that have repeating 1m1de groups as an Integral part of the main chain. By varying the monomerlc starting materials, polylmldes of different chemical composition and structure can be obtained.
The polylmlde chains consist of aromatic rings alternated with heterocycllc groups. Because of the multiple bonds between these groups, the polylmldes have high thermal stability. On decomposition, they crumble to a fine powder without melting. They have high radiation stability and can withstand exposure to neutrons, electrons, ultraviolet light, and gamma radiation. They are resistant to most common chemicals and solvents, but are attacked by alkalis. For a more detailed discussion of the physical properties see Refs.
to 21.
In 1975 a polylmlde was formulated from partially fluorlnated polylmlde resins prepared from the dlamlne 2,2-b1s [4-(4-am1nophenoxy)phenyl] hexafluoropropane (4-BDAF), (22) which possessed great potential for long-term service 1n highly oxldatlve environments up to 370° C. (23, 24) Because of the promise shown 1n the preliminary physical properties testing program, two polylmldes were formulated using the 4-BDAF dlamlne for trlbologlcal evaluation: One using the dlanhydrlde of benzophenonetetracarboxyllc add (BTDA), and one using 50 mole percent of BTDA and 50 mole percent of the dlanhydrlde of pyromelHtlc add (PMDA). In addition to solid bodies of the polylmldes, graph1te-f1ber-relnforced composites were made using the 50/50 PMDA/BTDA polylmlde.
Very good trlbologlcal results were found both with the solid body materials and with the composites. (25) The results Indicated that higher amounts of the PHDA dlanhydrlde 1n the polylmlde would produce polymers with Improved trlbologlcal properties. Thus, the purpose of this study was to evaluate polylmldes made from the 4-BDAF dlamlne and 60 mole percent PHDA, 80 mole percent PMDA. and 100 mole percent PMDA (BTDA was the other component.)
Friction coefficients, wear rates, wear surface morphology, and transfer film formation were studied for the three polylmldes (made Into hem1spher1cally tipped pins) which slid against disks made of the cobalt alloy, Haynes 6B.
Both the effect of sliding speed and temperature were evaluated.
MATERIALS
New polylmldes based on a novel aromatic dlamlne 2,2-b1s The same lever arm was also used to transmit the friction force to a strain gage whose output was continuously recorded on a strip-chart recorder (F1g. 2).
The disks were heated by Induction heating. The temperature was monitored by a thermocouple when the disk was not rotating and by an Infrared optical pyrometer when 1t was. The friction specimens were enclosed 1n a chamber to control the atmosphere.
PROCEDURE Specimen Cleaning
The Haynes 6B disks were washed with ethyl alcohol and then scrubbed with a water-based paste of levigated alumina. They were then scrubbed with a brush under running distilled water to remove the alumina and dried with clean compressed air.
The polylmlde or polylmlde composite pins were scrubbed with a nonabraslve detergent, rinsed with distilled water, and dried with clean compressed air.
Experimental Testing
After the pin and disk specimens were Inserted Into the test apparatus, the chamber was sealed. Moist air (50 percent relative humidity (10 000 ppm HO) at 25° C was pumped Into the chamber for 15 m1n before each test and continuously throughout the test. After purging at 25° C, the disk was rotated at speeds of 0.31, 3.1, 6.2, and 11.6 m/s (100, 1000, 2000, and 3700 rpm). For the constant temperature tests of 100°, 200°, 240°, or 300° C, the disk was slowly heated to the desired temperature using Induction heating and held for 10 m1n at temperature to allow the temperature to stabilize. The load (9.8 N) was then gradually applied to a disk rotating at 3.1 m/s. The pin slid on a 6-cm-d1ameter track on the disk.
At various times during the experiments, the tests were stopped and the specimens removed and examined by optical microscopy. The wear scar on each pin tip was measured and the wear volume calculated. The pin was not removed from the holder, and locating pins Insured that 1t was returned to Its original position in the apparatus.
For the tests 1n which friction coefficient was determined was a function of constantly Increasing or decreasing temperature, the procedure was to run-In the polylmlde pins under a 9.8-N load at 3.1 m/s and 25° C for 30 m1n. Then the temperature was gradually Increased at the rate of 4° C/m1n to a temperature as high as 350° C, and then 1t was decreased at the same rate to about 100° C. Below 100° C the heat was turned off, and the disk was allowed to cool at Its own rate, which was slower than 4° C/m1n. One pin was reheated to 350° C under the same stepping procedure, except for the run-1n. RESULTS 
AND DISCUSSION

Polylmlde Wear
The wear volume of the five different polylmlde pins as a function of sliding distance 1s shown 1n F1g. 3. For comparison, data for a commercial polylmlde are also shown. The experiments were conducted 1n 50-percentrelatlve humidity air at 25° C, at a sliding speed of 3.1 m/s, and under a load of 9.8 N.
Initially, there was a run-1n phenomenon during which the high contact pressures associated with this geometry were reduced and a transfer film was produced. The run-1n lasted for up to 500 m of sliding, thus the need for long experiments. After the run-1n, a constant wear regime (constant wear as a function of sliding distance) was obtained. Wear rate was calculated for the constant wear regime by taking a linear regression fit (least squares) of To study the friction transition 1n more detail, experiments were conducted to measure the friction coefficient as the temperature of the metallic disk counterface was raised or lowered at the rate of 4° C/m1n. To minimize the effect of friction heating, a speed of 0.14 m/s was used, and a load of 9.8 N applied. Figure 7 gives the results of that study. The figure Indicates that the friction transition 1s a gradual process and appears to be both time and temperature dependent. For most of the polylmldes, a low relatively stable value occurred as the temperature exceeded 160° C. The exception to this was the commercial polylmlde, which did not produce a low value until about 200° C and, on reducing the temperature to 25° C after reaching 300° C, did not markedly Increase.
In earlier experiments the BTOA polylmlde degraded above 300° C, to the extent that meaningless friction data were produced on reducing the temperature. For that reason the temperature was only raised to 200° C for this work Since some of the polylmldes appeared to be harder or more brittle than others, Vlckers hardness tests were performed on the wear scars using a 0.098-N load. Tests could not be performed on the polylmlde surfaces themselves since they were too rough. PMDA/BTDA polylmldes were slightly harder than the others.
Polylmlde Transfer Films
The polylmlde transfer to the metallic counterfaces was studied with a light microscope to magnifications of 1600 after selected Intervals of sliding.
The type of transfer observed depended, to various degrees, on the sliding duration. To simplify the discussion, transfer will be characterized as to short sliding durations (less than 100 m of sliding) and long sliding distances (greater than 2000 m of sliding). Four types of transfer were characterized. 
Comparison With Other Polymers and Composites
Average friction coefficients and wear rates of the polylmldes evaluated 1n this study are compared with other polymer materials and composites evaluated by the authors under the same conditions. Except for the graph1te-f1ber-relnforced BTDA polylmlde composite, the 80/20 and 60/40 PMDA/BTOA polylmldes gave equivalent or lower wear rates than the commercial materials despite the fact that their friction coefficients are much higher and that they did not contain solid lubricant additives.
Two of the commercial materials were evaluated In a different geometry than the others; that 1s, a metallic pin was slid against the composite materials. This may have some effect on the comparability of the wear rate values obtained. Reference 28 reports that a graph1te-f1ber-re1nforced polylmlde composite produces lower wear when evaluated as a pin than as a disk.
Thus, 1f these two commercial materials were evaluated as pins, lower wear rates may have been obtained. 
